Land-use change due to anthropogenic development is pervasive across the globe and commonly associated with negative consequences for biodiversity. While land-use change has been linked to shifts in the behavior and habitatuse patterns of wildlife species, little is known about its influence on animal population dynamics, despite the relevance of such information for conservation. We conducted the first broad-scale investigation correlating temporal patterns of land-use change with the demographic rates of mule deer, an iconic species in the western United States experiencing wide-scale population declines. We employed a unique combination of long-term (1980-2010) data on residential and energy development across western Colorado, in conjunction with congruent data on deer recruitment, to quantify annual changes in land-use and correlate those changes with annual indices of demographic performance. We also examined annual variation in weather conditions, which are well recognized to influence ungulate productivity, and provided a basis for comparing the relative strength of different covariates in their association with deer recruitment. Using linear mixed models, we found that increasing residential and energy development within deer habitat were correlated with declining recruitment rates, particularly within seasonal winter ranges. Residential housing had two times the magnitude of effect of any other factor we investigated, and energy development had an effect size similar to key weather variables known to be important to ungulate dynamics. This analysis is the first to correlate a demographic response in mule deer with residential and energy development at large spatial extents relevant to population performance, suggesting that further increases in these development types on deer ranges are not compatible with the goal of maintaining highly productive deer populations. Our results underscore the significance of expanding residential development on mule deer populations, a factor that has received little research attention in recent years, despite its rapidly increasing footprint across the landscape.
Introduction
The human footprint is expanding rapidly on landscapes across the globe (Vitousek et al., 1997; Leu et al., 2008) , a pattern that has been associated with reduced biodiversity, range contractions, and increased extinction risk for wildlife (Ceballos & Ehrlich, 2002; McKee et al., 2004; Davies et al., 2006) . Infrastructure and activities related to residential development, resource extraction, transportation, recreation, and other forms of human land-use can negatively influence wildlife through a variety of means. Animals can be affected through direct mortality, increased disturbance, altered relationships with competitors and predators, and through the loss and degradation of critical habitat resources (see reviews by Krausman et al., 2011; Northrup & Wittemyer, 2013) . Given that people and wildlife often select similar biophysical features of the landscape, land-use change frequently occurs in areas of high biological productivity, potentially having disproportionate effects on wildlife (Hansen et al., 2005; Leu et al., 2008) .
Changes in land-use are often observed to influence wildlife behavior (Tuomainen & Candolin, 2011) , but relatively little is known about the influence of land-use change on the demography of populations. Animals frequently avoid human infrastructure and activities by modifying their patterns of movement (Sawyer et al., 2013) and habitat use (Nellemann et al., 2007) , exhibiting large-scale displacement (Sawyer et al., 2006) , increasing vigilance activities (Mccleery, 2009) , and altering foraging strategies (Robinson et al., 2010) . Such changes in behavior likely influence individual fitness, and ultimately, population performance, but research demonstrating these effects on the dynamics of animal populations is limited (Polfus & Krausman, 2012; Northrup & Wittemyer, 2013; Wong & Candolin, 2015) . Because land conversion often occurs in spatially complex and temporally dynamic patterns (Ramalho & Hobbs, 2012) , and animals alter their behavior to mediate the negative consequences of land-use change, demographic impacts may be weak, gradual, or exhibit lag effects (Hansen et al., 2005; Harju et al., 2010) that are difficult to detect during routine monitoring activities or over short time periods.
Residential housing and energy development are two types of land-use change that are increasing rapidly across the western United States (Vias & Carruthers, 2005; Leu et al., 2008; Copeland et al., 2009) and around the world (McMichael, 2000; Hansen et al., 2005; International Energy Agency 2015) . Over the past few decades, the intermountain west has experienced some of the highest rates of human population growth in the country (Vias & Carruthers, 2005) fueling dramatic increases in the number of residential housing units, particularly outside of metropolitan areas. Increases in rural and exurban development (low-density residential housing) have outpaced growth from other forms of residential land-use . Low-density housing is characterized by having a highly dispersed spatial pattern, close juxtaposition to undeveloped public lands, and strong association with key habitat features (i.e., valley bottoms), factors that are likely to result in disproportionate impacts to wildlife (Theobald et al., 1997; Leu et al., 2008; Leinwand et al., 2010) . While research on the effects of rural and exurban development on wildlife is limited, there is evidence that low-density housing can reduce habitat use, survival, and reproduction for some species (Hansen et al., 2005; Goad et al., 2014) . Infrastructure and activities related to oil and gas development (hereafter energy development) have also increased rapidly due to the rise in the global demand for energy (Copeland et al., 2009) . Between 1985 and , energy development expanded by an estimated 20% per year in some areas (Walston et al., 2009) , with millions of additional hectares expected to be impacted in the future (Copeland et al., 2009) . The construction and use of wells, well pads, roads, and pipelines, along with the associated noise and vehicular traffic, have altered animal habitatuse patterns (Sawyer et al., 2006; Northrup et al., 2015) , have reduced survival and reproduction (Holloran et al., 2010; Dzialak et al., 2011) , and have been linked to population declines (Sorensen et al., 2008) .
Over the past few decades, while land-use change has been pervasive across the intermountain west, mule deer (Odocoileus hemionus) populations have generally declined (Idaho Department of Fish and Game 1999; Gill, 2001; Heffelfinger & Messmer, 2003; Bergman et al., 2015) . Mule deer populations are known to fluctuate, but significant decreases in population estimates across multiple western states have generated concern, as mule deer are an iconic species with tremendous ecological, recreational, and economic value. Drivers of mule deer declines are largely unknown, and likely multifaceted, but evidence suggests that habitat conditions play a pivotal role (Gill, 2001; Bishop et al., 2009; Hurley et al., 2014; Monteith et al., 2014; Shallow et al., 2015) . To date, research on habitat has primarily focused on the influence of forage quality, cover type, and local climate conditions on mule deer dynamics, but land-use change may also be important (Polfus & Krausman, 2012) . Studies have found that mule deer reduce their selection of habitat near residential and energy development, effectively decreasing the area that is functionally available (Vogel, 1989; Sawyer et al., 2009; Northrup et al., 2015) . While few studies have investigated the consequences of this behavior on ungulate demography, urban housing has been associated with reduced recruitment in a local mule deer herd (McClure et al., 2005) and energy development has been associated with reduced survival in a population of elk (Cervus elaphas; Dzialak et al., 2011) . Given the expanding human footprint across western landscapes, it is critical for wildlife and land management agencies to quantify the impacts of land-use change on mule deer habitat and understand the degree to which different types of development may be contributing to population declines.
To examine the influence of residential and energy development on mule deer populations, we employed a unique combination of long-term data on land-use change with long-term data on mule deer recruitment. We evaluated both data types annually across western Colorado between 1980 and 2010, a time period when major changes in development and deer populations occurred. The broad extent of our study area allowed us to account for temporal dynamics in land-use change (Ramalho & Hobbs, 2012) and demography across multiple deer populations. This design provided a powerful opportunity to examine multiple factors correlated with deer performance, which would be difficult to achieve over a short time period or within a single study population. We used deer recruitment (the proportion of 7-8 month olds/100 adult females) as our demographic rate of interest because this parameter exhibits high variation, is sensitive to environmental conditions, is minimally affected by harvest regulations, and is typically the most influential vital rate driving ungulate population growth (Gaillard et al., 2000; Forrester & Wittmer, 2013) .
In addition to assessing annual changes in residential and energy development on mule deer ranges, we also assessed annual variation in weather conditions and their relationship with deer recruitment. Weather factors, such as winter severity and summer precipitation, are well recognized to influence ungulate productivity through their direct effects on juvenile condition and survival and through their indirect effects on maternal condition (Hurley et al., 2011 (Hurley et al., , 2014 Monteith et al., 2015) . By including weather variables in our analysis, we were able to compare the relative associations between land-use change and recruitment to wellknown associations between weather and recruitment. Specifically, we evaluated recruitment with respect to temperature and precipitation during the winter just prior to parturition, in June when fawns were born, and throughout the following summer, critical time periods for influencing both maternal condition and juvenile survival (Cook et al., 2004; Gilbert & Raedeke, 2004; Hurley et al., 2011) . Given these considerations, our research objectives were to (i) quantify annual changes in residential development, energy development, and weather conditions within mule deer winter and summer ranges and (ii) test for associations between those annual changes in habitat conditions and annual rates of deer recruitment.
Materials and methods

Study area
We analyzed data from areas of Colorado west of Interstate 25 (164 346 km 2 ; Fig. 1 ). This area included 44 deer data analysis units (DAUs) delineated by Colorado Parks and Wildlife (CPW), which are intended to represent discrete deer populations and are the primary unit for deer management in the state. These DAUs included mule deer populations that are predominantly migratory, moving seasonally between distinct winter and summer ranges. The total number of deer estimated within these units varied between 348 200 and 585 200 over the study period and comprised approximately 90% of the mule deer in the state.
For each DAU, CPW has identified mule deer winter and summer ranges, delineations that are routinely used by public and private entities for environmental assessment, resource planning, and scientific inference. Winter ranges are defined as those areas where 90% of the deer are located during an average winter from the first heavy snow to spring green-up. Summer ranges are those areas where 90% of the deer are located during the remainder of the year. CPW used a variety of data sources to identify seasonal ranges including information from ground surveys, annual aerial surveys, telemetry collars, and expert opinion. On average, DAUs were 3735 km 2 in size, while winter and summer ranges were 1653 km 2 and 2900 km 2 , respectively.
Land-use and weather data
We used the Spatially Explicit Regional Growth Model (SERGoM) dataset (Bierwagen et al., 2010) to estimate changes in residential development over time. This nationwide dataset models housing density on private lands by decade at a spatial resolution of 100 m. At each time step, pixels were classified as either undeveloped (0 housing units/ha) or developed at rural (<0.03 units/ha), exurban (0.03-0.59 units/ha), suburban (0.60-5.00 units/ha), or urban (>5.00 units/ha) densities. We calculated the total area and proportion of each DAU, and winter and summer ranges within DAUs, covered by each category of residential development. We used linear interpolation to estimate annual values within each decade for all developed categories (i.e., not for pixels classified as 'undeveloped'). We also calculated the total proportion of developed land as the sum of all residential development categories. Point locations of all oil and gas wells in the study area (conventional gas, oil and carbon dioxide, unconventional gas and oil, and disposal wells) were used to examine patterns of energy development on deer ranges. Well locations were obtained from the Colorado Oil and Gas Conservation Commission and were attributed with the first date of activity (initiation of drilling). Of the 86 999 wells drilled in Colorado, the date of first activity was unknown for 8% and we excluded these from our analyses. We identified areas within 200 m, 700 m, and 2700 m of all wells at a 100-m resolution; we chose these buffer distances based on prior studies demonstrating reduced selection of habitat by mule deer within those distances of wells (Sawyer et al., 2006; Northrup et al., 2015) . On an annual basis, we calculated the proportion of each DAU, winter and summer range within the three buffer distances of a well, given the first year that drilling was recorded for individual well sites. These areas depicted cumulative impacts of energy development over time.
To assess weather conditions that may influence deer recruitment, we used historic data from the Parameter-elevation Regressions on Independent Slopes Model (PRISM; www.prism.oregonstate.edu). The model depicts precipitation and temperature on a monthly basis at an 800-m resolution. Across each summer range, we calculated the mean minimum temperature in June (°C), total precipitation in June (cm), cumulative average precipitation from May through September (cm), and the average maximum temperature from June through August (°C). June is the month that fawns are born, and we suspected that their survival may be reduced by cold, wet weather (Gilbert & Raedeke, 2004) . Meanwhile, summer precipitation has been correlated with forage quality (Blanchard et al., 2003) , increased recruitment (Hurley et al., 2011) , and maternal condition in ungulates (Cook et al., 2004) , while high summer temperatures have been associated with smaller litter sizes (Monteith et al., 2014) and reduced recruitment . Across each winter range, we calculated cumulative average precipitation (cm) and average minimum temperatures (°C) between December and March. These metrics were used to indicate winter severity, as harsh winters prior to parturition can reduce maternal condition in ungulates (Parker et al., 2009 ).
Mule deer data
Between 1980 and 2010, posthunting season helicopter surveys were conducted in each mule deer DAU in most years. Surveys occurred between 1 December and 15 January; survey data collected in January were considered data from the previous calendar year (the biological birth year of the fawns). During surveys, nonrandom paths were flown across the winter ranges with the purpose of observing a representative sample of deer to assess herd composition. Deer were classified as adult females, fawns (7-8 month olds), or males based on body size and antler morphology (mean number of deer classified/DAU/year = 1507). Annual ratios of the number of fawns/100 adult females (n = 904 fawn ratios) and the number of males/100 adult females (n = 694 male ratios) for each DAU were calculated from classification data. We also recorded CPW's estimate of the number of female deer harvested during hunting seasons in each year for each DAU.
We used annual fawn ratios as our measure of fawn recruitment. In actuality, fawn ratios (R) are a function of year-specific birth rates (B), juvenile survival rates (S J ), and adult female survival rates (S A ) following the equation:
Given that juvenile survival in ungulates is extremely variable, while the birth rate and adult female survival tend to be consistently high (Gaillard et al., 2000; Forrester & Wittmer, 2013) , these ratios are strongly correlated with juvenile survival and thus recruitment (Raithel et al., 2007; Harris et al., 2008) . While fawn ratios were the primary response variable in our analyses, male ratios and the number of females harvested were included as key covariates. Male ratios largely depend on variation in annual male survival, which is primarily driven by DAU-specific harvest rates in Colorado (Bergman et al., 2011) . High male ratios have been found to be inversely related to fawn ratios, presumably as a consequence of density-dependent effects (Bergman et al., 2011 (Bergman et al., , 2015 . Female harvest was included as a covariate because the fawn ratio is expected to be higher when more adult females are killed.
Examining associations between changes in land-use and weather with deer recruitment
We quantified annual changes in residential development, energy development, and weather conditions between 1980 and 2010, years when mule deer ratios were also collected. We estimated the temporal trends in these conditions for each DAU, winter and summer ranges by fitting linear mixed models (LMMs; Pinheiro & Bates, 2000) with 'year' as the explanatory variable. We included DAU as a random intercept to account for repeated measurements over time. In addition to estimating mean trends in habitat conditions across DAUs, we also estimated trends for individual DAUs by treating DAU as a fixed effect and interacting DAU with 'year'. Because there was high potential for multicollinearity among variables, we did not initially fit a single global model, but first investigated the univariate relationships between covariates and fawn recruitment and assessed the correlations among covariates. We used LMMs with a random intercept for DAU; land-use and weather variables that were associated with fawn ratios (80% confidence intervals were nonoverlapping zero) were retained for further modeling (Table S1 ). We evaluated residential development variables with respect to recruitment only in the current year t (no lag effects), due to linear interpolation of many values. Because the proportions of urban and suburban development within DAUs were so small (<0.05%), we limited our analyses to proportions of rural, exurban, and total development. Energy development variables were evaluated with respect to fawn recruitment in year t and year tÀ1, as we assumed that there may be lag effects for energy impacts, which has been found for other species (Harju et al., 2010) . We assessed all summer and winter weather metrics with respect to fawn recruitment in year t, and we also assessed the lag effects (year tÀ1) for summer and winter precipitation and temperature. We expected that cold, wet weather in June could be especially detrimental for fawn survival, so we tested for an interaction between June temperatures and precipitation. We found evidence for this interaction (b = 0.2032, SE = 0.0961; 95% confidence interval did not overlap zero) and thus included June temperature and precipitation as a 'June weather' interaction term (with main effects) for all further modeling. We also tested for an interaction between winter temperature and precipitation, as we expected that cold winters with high precipitation would be particularly detrimental to subsequent recruitment. There was no evidence for a significant interaction (b = 0.0538, SE = 0.0374; 95% confidence interval was overlapping zero), and so we excluded this effect from further modeling.
From those variables associated with fawn recruitment, we first examined pairwise correlations among variables within each land-use or weather factor. When variables were highly correlated (Pearson's correlation coefficient r > |0.6|), we retained the variable that exhibited a stronger relationship with recruitment based on univariate t-values. Among the residential development variables, % total development across the DAU had the strongest univariate relationship with fawn ratios (Table S1 ). This variable was highly correlated with all other development variables (r ≥ 0.70) except for exurban development on winter range (r = 0.56) so we retained only these two variables for further analyses. For energy development, the variables associated with fawn ratios were % summer range (tÀ1) and winter range (t and tÀ1) within 2700 m of a well (Table S1 ). Due to a high correlation between those variables (r ≥ 0.93), we only retained % winter range within 2700 m of well (tÀ1) . Except for summer maximum temperatures, all weather variables were associated with fawn recruitment. June minimum temperatures were correlated with winter minimum temperatures (t and tÀ1) (r ≥ 0.60), and winter temperatures were also correlated across years (t and tÀ1) (r = 0.68); we removed winter temperatures from further analyses.
Our final variable set included % total development across the DAU (t) , % exurban development on winter range (t) , % winter range within 2700 m of a well (tÀ1) , summer precipitation (t) , winter precipitation (t and tÀ1) , and June weather (t) . We checked for correlations among these variables, but none were highly correlated (r < 0.4). We then tested for interactions between some variables across factors with respect to fawn recruitment. We tested for an interaction between energy development and total residential development because we expected that there may be a synergistic effect between these development types on mule deer. We also tested for interactions between energy development on winter range and winter precipitation and between exurban development on winter range and winter precipitation; we assumed that the impacts of development on winter range may be particularly pronounced during harsh winters. There was only evidence for an interaction between energy development and precipitation on winter ranges (b = 0.0112, SE = 0.0044; 95% confidence interval did not overlap zero) so we retained this interaction (and its main effects) for further modeling.
From those variables that were retained, we then conducted model selection on all subsets of variables (Table S2) . We used LMMs with a random intercept for DAU and assessed model assumptions by checking residual and fitted values and using quantile-quantile plots of the residuals of fixed and random effects. Where energy development and precipitation on winter range occurred in the same model, we also tested a model with an interaction between those variables (31 additional models). Given a strong association between male deer ratios in year tÀ1 with fawn ratios in year t (Table S1 ; Bergman et al., 2011) , and an association between female harvest and fawn ratios in year t (Table S1 ), we also included these variables as nuisance parameters in all models. We did not have male ratio data in year tÀ1 for all observations of fawn ratios, but male ratios were highly temporally correlated (r = 0.75) so we used linear interpolation to generate missing values between years with observed ratios. When the first male ratio in a time series for a DAU was missing, we assumed that the ratio in year t was the same as in year t + 1. Univariate coefficients for the association between fawn recruitment (year t) and male ratios (year tÀ1) for the actual data (b = À0.1104, SE = 0.0412) and the interpolated data (b = À0.1284, SE = 0.0400) were similar.
We calculated AIC c , DAIC c , and the weight of each model (Burnham & Anderson, 2002) . Because several models had similar AIC c scores, we averaged all models (based on model weights) with weights > 0 to obtain final parameter estimates. The coefficient for a variable was averaged from all models where that variable was present, using unconditional standard errors (Burnham & Anderson, 2004) . Additionally, we calculated standardized coefficients (averaged across the same top set of models) to assess the relative effects of different covariates on fawn recruitment (Schielzeth, 2010) . To estimate standardized coefficients, we ran models using predicator variables that were centered and scaled. All models were fit with maximum-likelihood estimation using the package 'lme4' (Bates et al., 2013) in program R version 3.0.2 (R Core Team 2013). Model averaging was conducted with the R package 'MuMIn' (Barton, 2013) .
Results
Changes in land-use and weather
Between 1980 and 2010, an additional 1 004 331 ha of DAUs were impacted by changes in residential development (96% was rural or exurban), representing a 37% increase in residential land-use in deer DAUs within that time. Increases in residential development were significant for all density classes, particularly on mule deer winter ranges (Table 1) . On average, 23.8% of deer winter ranges overlapped with residential development in 1980, while 31.2% overlapped with development in 2010. On average, 14.0% of deer summer ranges overlapped with development in 1980 and 19.5% in 2010. Increases in residential development varied widely among deer DAUs (Fig. 1) . By 2010, between 0.7% and 66.0% of DAU winter ranges overlapped with residential development, while between 0.8% and 46.0% of summer ranges overlapped with residential development. Table 1 Model parameters from testing for temporal changes to mule deer winter and summer ranges from residential development, energy development, and weather conditions from 1980 to 2010. We report the mean changes in habitat conditions across all deer data analysis units (DAUs) and for individual DAUs (estimated using random coefficients). We also report temporal trends in fawn ratios (fawns/100 adult female deer), male ratios (males/100 adult female deer), and female deer harvest, which are relevant to the entire DAU Over the course of the study, the area within 200 m, 700 m, and 2700 m of wells on mule deer ranges increased by 118 295, 539 830, and 1 250 654 ha, respectively. Given these three buffer distances, this equated to an increase in the area impacted on deer ranges of 246%, 146%, and 56%, respectively. The proportions of both winter and summer ranges affected by energy development increased significantly over time at all spatial scales, although winter ranges experienced the greatest impacts (Table 1 ). In 1980, across all DAUs, the average proportion of winter range within 200 m of a well was 0.2%, within 700 m was 2.5%, and within 2700 m was 16.7%; in 2010, it was 1.1%, 6.3%, and 23.8%, respectively. Similarly, in 1980, the average proportion of summer range within 200 m of a well was 0.1%, within 700 m was 1.2%, and within 2700 m was 10.3%; in 2010, it was 0.5%, 3.2%, and 15.6%, respectively. Increases in energy development varied widely among DAUs (Table 1) . By 2010, up to 9% of a winter range was within 200 m of well, up to 39% was within 700 m of well, and up to 80% was within 2700 m of a well. By 2010, up to 8% of a summer range was within 200 m of a well, up to 29% was within 700 m of a well, and up to 68% was within 2700 m of a well.
Seasonal temperature metrics increased significantly over time, while seasonal precipitation metrics significantly decreased. The only exception to this pattern was winter precipitation which displayed no temporal trend (Table 1) . Between 1980 and 2010, models estimated that on average, June mean minimum temperatures increased from 3.91°C to 5.23°C, summer mean maximum temperatures increased from 21.98°C to 22.58°C, winter mean minimum temperatures increased from À10.72°C to À9.84°C, June precipitation decreased from 3.42 cm to 3.00 cm, and summer precipitation decreased from 26.29 cm to 21.42 cm.
Changes in mule deer ratios
The mean fawn ratio across all DAUs over the course of the study was 56.0 fawns/100 adult females (SE = 13.6), with mean ratios in different DAUs ranging between 42.9 and 76.6. Across all DAUs, in 1980 the modeled mean ratio was 65.4 (SE = 1.4), and in 2010, it was 50.4 (SE = 1.3, Table 1 ). Over the course of the study, recruitment decreased by an average of 0.5 fawns/100 adult females/year (Table 1) . Rates of change were highly variable among DAUs. Forty DAUs exhibited declining trends over time, while 4 DAUs exhibited slightly increasing trends (Fig. 2) , with the rates of change varying between À8.50 to 0.15 fawns/ 100 adult females/year. Between 1980 and 2010, the ratio of adult male to adult female mule deer significantly increased (Table 1 ). In 1980, the mean was 13.5 adult males/100 adult females (SE = 1.1), and by 2010, the mean was 34.0 adult males/100 adult females (SE = 1.0). Female deer harvest significantly decreased over time (Table 1) , as in 1980 the mean number of females harvested in a DAU was 384.1 (SE = 52.5) and by 2010 it was 149.7 (SE = 49.3).
Associations between changes in land-use and weather with deer recruitment
We ran a total of 160 models to investigate the effects of land-use change and weather on fawn recruitment. These models included all subsets of our final seven variables (refer to Methods for details) with additional models to test for an interaction between precipitation and energy development on winter range (Table S2) . A total of 28 models had a weight > 0 and were included in model averaging. Considering those models, the top model accounted for 21% of the model weight and included all variables (and interactions) except for exurban development on winter range. The second best model, accounting for 16% of the model weight, included the same variables, but omitted summer precipitation.
Fawn ratios decreased in association with increasing residential development, energy development, June minimum temperatures, and winter precipitation prior to parturition (Table 2, Figs 3 and 4a) . Fawn ratios increased in association with winter precipitation in the previous year (lag effect; Table 2 , Fig. 3 ). There was a significant interaction between energy development and precipitation on winter range, suggesting that Fig. 2 Temporal trends in mule deer fawn ratios (the proportion of 7-8 month olds/100 adult females) for deer data analysis units in Colorado, 1980 Colorado, -2010 winter severity had the greatest effect on fawn recruitment when energy development was minimal and dampened as the proportion of energy development increased (Fig. 4b) . Fawn recruitment was predicted to be highest when both winter precipitation and energy development were low. There was also a significant interaction between June temperature and precipitation, which indicated that cold weather was most beneficial for fawn recruitment when precipitation was low, while warm weather was most beneficial when precipitation was high (Fig. 5 ). There were other variables that were included in the top model set, but had coefficients with confidence intervals overlapping zero. These were summer precipitation and female deer harvest, which both had a positive association with recruitment, and exurban development and the male ratio (in the previous year), which both had a negative association with recruitment (Table 2) . Standardized coefficients of the main effects suggested that residential development had the largest effect on fawn recruitment, having approximately 2 times the magnitude of any other effect. Fawn ratios were predicted to vary by approximately 15 fawns/100 adult females across the observed range of residential development values. Energy development had the second largest effect on recruitment, followed closely by the weather variables (Table 2) .
Discussion
Land-use change due to residential and energy development is projected to increase rapidly in the western United States (Theobald, 2005; Copeland et al., 2009) and around the world (Seto et al., 2012; International Energy Agency 2015) . Land-use change is often associated with shifts in animal behavior (Tuomainen & Candolin, 2011 ) and habitat use (Nellemann et al., 2007) , with most studies focusing on short-term effects (<10 years) at relatively local scales (within a municipality or county; Pejchar et al., 2015) . Researchers have hypothesized that land-use change may have long-term or lagged effects on animal population dynamics (Hansen et al., 2005; Harju et al., 2010) , but this has rarely been evaluated empirically. We combined broad-scale, long-term data on land-use change and mule deer demography to conduct the first analysis to quantify the impacts from residential and energy development to deer habitat and to correlate those changes with deer demographic performance. Our results indicate that declining recruitment rates are correlated with expanding residential and energy development, particularly within deer winter ranges. Comparing the relative associations between recruitment and land-use and weather factors, we found that residential housing had two times the magnitude of effect of any other factor correlated with recruitment and that energy development had an effect size similar to key weather variables known to be important to juvenile deer survival (Hurley et al., 2011 (Hurley et al., , 2014 Monteith et al., 2015) .
While residential development and energy development were associated with declining fawn recruitment, the specific mechanisms responsible for these correlations are unknown. Land-use change causes direct habitat loss and fragmentation through the construction of infrastructure, and indirect habitat loss through deer avoidance of infrastructure and related activities (Vogel, 1989; Sawyer et al., 2009; Northrup et al., 2015) ; these consequences likely (a) (b) Fig. 4 Modeled predicted effects of the interaction between energy development (the proportion of winter range within 2700 m of a well) and winter precipitation on mule deer fawn ratios in western Colorado. Energy development is modeled with a lag effect (year tÀ1), and winter precipitation is modeled just prior to parturition (year t). Predicted fawn ratios for a) the observed range of energy development values given the median amount of winter precipitation (11.0 cm) and b) for the 25% (red lines), 50% (black lines), and 75% (blue lines) quartiles of winter precipitation values. The median value of energy development is depicted with a gray line.
Fig. 5 Modeled predicted effects of the interaction between
June minimum temperature and precipitation on mule deer fawn ratios in Colorado (modeled for the current year t). Predictions were based on the top linear mixed-effect model and are shown across the range of observed temperature and precipitation values. The median value for June precipitation is depicted by the gray line.
reduce the carrying capacity of the landscape. It has also been documented that deer migrating through areas with high densities of energy development detour from established routes, increase rates of movement, and reduce stopover use (Sawyer et al., 2013) , impacts that may increase energetic costs while decreasing access to high-quality forage. Additionally, mule deer may suffer higher mortality rates in developed landscapes compared to natural areas (but see Hebblewhite & Merrill, 2011) . Deer in close proximity to residential housing can experience increased vehicle collisions, harvest, poaching, accidents (i.e., entrapment in fences), and predation from domestic pets (Porter et al., 2004; Krausman et al., 2011) . Deer in the vicinity of energy development may also experience higher rates of vehicle collisions, harvest, and poaching, particularly as a function of the associated road network (Dzialak et al., 2011) . We suspect that several of these factors contribute to the negative association between land-use change and deer recruitment, but experimental research is needed to identify the specific mechanisms responsible. Both types of land-use change were correlated with declining recruitment rates, but the relationship with residential housing was much stronger than that of energy production. We suspect that risks for mule deer are more pervasive around residential housing where human activities are continuous or may increase over time (i.e., as the human population and housing densities increase), compared to areas impacted by energy development where disturbance typically declines over time (i.e., as new drilling and construction of infrastructure wane, see Northrup et al., 2015) . Rural and exurban housing are also likely to be constructed in areas of particularly high-quality mule deer habitat, especially on winter ranges where the same biophysical features selected by deer are also often selected by people (i.e., low-elevation valley bottoms with minimal snow and high solar radiation; Hansen et al., 2005; Leu et al., 2008) . Differences in the magnitude of the correlation between residential and energy development may also stem from disparities in land ownership, and the associated development patterns and management practices, that are associated with these two development types. In the intermountain west, energy development occurs primarily on federally owned public property where land management agencies are required to consider impacts to natural resources, including wildlife. Meanwhile residential development occurs primarily on private property with few constraints and often in areas where planning jurisdictions have limited capacity to incorporate conservation considerations into development decisions (Miller et al., 2008) . We suspect that these differences contribute to a stronger negative association between recruitment and residential housing, yet to date, there has been much more research on the effects of energy development on ungulates (Polfus & Krausman, 2012) . Our findings underscore the need to understand the effects of low-density housing on mule deer and other wildlife, despite the conservation challenges associated with private property.
Weather conditions have long been recognized to influence ungulate fecundity and juvenile survival through both direct effects on fawns and indirect effects on maternal condition; our results largely echo findings from other studies. Winter precipitation just prior to parturition was negatively correlated with recruitment, presumably by taxing the energetic demands of pregnant females (Parker et al., 2009) . Conversely, winter precipitation in the previous year (tÀ1; two winters before parturition) was positively associated with recruitment in year t. This pattern likely resulted from changes in adult female body condition. Harsh winters reduce subsequent fecundity and increase the number of nonlactating adult females during the summer. These females should be in excellent condition the following year, which likely gives a boost to fecundity rates in year t (Parker et al., 2009; Monteith et al., 2013) . As other investigators have found (Gilbert & Raedeke, 2004) , cold, wet June weather was negatively associated with fawn recruitment, presumably due to the detrimental effects of harsh weather on neonates. That said, June precipitation in western Colorado is usually very low (median value was 2.7 cm), and under typical dry conditions, warm weather was more negatively associated with recruitment than cool weather (Fig. 5) . Warmer temperatures have been related to shorter durations of spring and summer green-up, reducing the availability of high-quality forage to ungulates Monteith et al., 2015) , a mechanism that may be responsible for lower fawn ratios in our study. Relative to other weather metrics, the positive correlation between overall summer precipitation and recruitment was nonsignificant (Table 2) . Late summer rainfall is generally scarce across the intermountain west, causing higher precipitation to be associated with increased recruitment (Hurley et al., 2011) , presumably due to improved forage quality. Colorado, however, regularly benefits from late summer monsoon rains, which likely reduces the importance of this variable in our study system.
Of the three buffers around oil and gas wells that we evaluated, only the 2700-m buffer was correlated with recruitment, and the effect was consistently associated with an interaction with winter precipitation (Table S1,  Table 2 ). While Sawyer et al. (2006) found that mule deer resource selection declined within 2700 m of a well pad in the Green River Basin of Wyoming, Northrup et al. (2015) found that deer reduced their selection of habitat around well pads at smaller buffer distances in the Piceance Basin of Colorado (generally <800 m). We suspect that recruitment in our study was correlated with the larger buffer distance due to the broad spatial extent of the analysis, as associations were summarized across multiple habitat and terrain types. With respect to the interaction, both energy development and winter precipitation were negatively correlated with fawn ratios (Table 2, Fig. 4a ), but the influence of winter severity dampened as a greater proportion of the winter range was impacted by energy development (Fig. 4b) . We hypothesize that this relationship is a function of the effects of both these factors on maternal condition, with subsequent implications for recruitment. Both energy development and winter precipitation values were estimated before fawns were born, and would have influenced adult female deer on winter range just prior to parturition. We speculate that female deer on ranges with widespread energy development may have diminished body condition as a consequence of direct and indirect losses of habitat (Sawyer et al., 2006 (Sawyer et al., , 2009 Northrup et al., 2015) . If body condition is already reduced in these deer, with ensuing effects on recruitment, the additional influence of harsh winter weather may be minimal.
We were interested in assessing the relative strength of correlations between land-use change and weather variables with mule deer recruitment, but we expect that the cumulative effects of these factors, and other factors outside the scope of our study, are driving observed variation in deer productivity. Variation in forage quality, harvest, predation, disease and interspecific competition (with domestic livestock and wild ungulates) can all influence ungulate demographic rates (Gross & Miller, 2001; Cook et al., 2004; Bergman et al., 2011; Brodie et al., 2013; Hurley et al., 2014) . While we did not have data with comparable spatial or temporal extents to investigate these other factors, we suspect that some are highly important in the dynamics of deer across our study area (e.g., forage quality; Bishop et al., 2009; Bergman et al., 2014) . For those land-use and weather factors that we did investigate, their long-term temporal trends are highly disconcerting for mule deer. The intermountain west continues to experience some of the highest rates of human population growth in the United States, with extensive changes in land-use projected along the urban-wildland interface (Theobald & Romme, 2007) . At the same time, climate change models forecast increases in temperature and reductions in summer precipitation (Ray et al., 2008) , patterns that were negatively correlated with deer recruitment. Finally, model-averaged coefficients demonstrated that increasing male ratios were weakly associated with declining recruitment (although confidence intervals overlapped zero). Male ratios closely correspond to harvest management, and increases in ratios that are intended to boost male numbers and hunter satisfaction, may inadvertently decrease productivity through density-dependent effects (Bergman et al., 2011 (Bergman et al., , 2014 . Combined with those factors that we could not address in our analysis, we suspect that further losses of habitat, unfavorable climate conditions, and high male ratios may pose considerable challenges for maintaining deer recruitment rates in the future.
We detected significant relationships between deer recruitment and habitat conditions, but it is important to acknowledge the drawbacks of our analysis that limit our scope of inference. The correlations we detected between recruitment and habitat conditions do not demonstrate causation, as our analyses relied on longterm observational data. Additionally, the data sources used in this analysis were coarse. Fawn ratios are strongly correlated with juvenile survival (Raithel et al., 2007; Harris et al., 2008) , but are not a precise measure of the number of recruits that are added annually to a population. This is particularly true for our early-winter fawn ratios (collected Dec-Jan) which did not incorporate the survival of juveniles through the end of winter. In addition, we were not able to identify the effects of different types of residential and energy development disturbances on recruitment, although studies have found that behavioral responses of mule deer vary in association with distinct activities at energy wells (Sawyer et al., 2009; Northrup et al., 2015) . The extensive spatiotemporal scale of our study also limited the data sources available for tracking changes in habitat conditions. We used the best information available, but these included model-based estimates (SERGoM residential development data, PRISM climate data), relatively large grain sizes for some variables (800 m pixel size of PRISM data), and coarse temporal resolution for others (SERGoM data). We believe that population and habitat data depicted important trends in these variables over time, but also expect that considerable noise was inherent in these datasets. Despite these drawbacks, we were able to use extensive spatiotemporal variation to identify a critical link between deer demography and landscape conditions, relationships that should be investigated further with finerscale data.
Our findings have important implications for the conservation of mule deer in Colorado. Adequate, high-quality winter range has been hypothesized to be the primary factor limiting mule deer in the state (Bergman et al., 2015) , and our findings support this speculation as land-use changes on winter ranges were more strongly correlated with declining recruitment than changes on summer ranges. Indeed, over the course of the study, an additional 1 335 992 ha of winter range was impacted by land-use change, such that by 2010, an average of 31% of winter ranges were affected by residential development and 24% were affected by energy development (at the 2700 m buffer distance). If healthy mule deer populations are going to be maintained, conservation practitioners, policymakers, and land-use planners will need to collectively work to ensure that seasonal habitats, particularly winter ranges, are well preserved. DAUs with larger proportions of privately owned land will be particularly susceptible to increases in residential development and should be prioritized for conservation. Wildlife professionals will need to work closely with state and municipal governments to adopt land-use regulations and incentives to minimize subdivisions, and encourage land trusts and open space agencies to implement conservation easements for habitat protection (Pruetz & Standridge, 2008; Reed et al., 2014) . DAUs with larger proportions of public land may be more productive over time, particularly those with minimal energy development. For those DAUs experiencing high levels of energy development, wildlife professionals will need to encourage federal land management agencies to minimize the spatial extent and density of wells (Sawyer et al., 2006) and avoid sensitive periods when scheduling drilling activities (e.g., winter months; Northrup et al., 2015) . While research is needed on the mechanisms responsible for the correlation between land-use change and declining mule deer recruitment, our results suggest that additional development will likely exacerbate reductions in recruitment, a pattern that should be carefully considered when wildlife agencies specify long-term population objectives.
Short-term and local-scale research on the effects of residential development on ungulates largely indicate limited impacts on habitat use (e.g., Goad et al., 2014) , but our analysis suggests that such development may have substantial long-term effects on population processes. Indeed, we observed stronger correlations between deer recruitment and residential housing than for weather factors that are well known to drive annual variation in ungulate productivity. Unfortunately, quantifying the impacts of residential development on animals is challenging (Polfus & Krausman, 2012) ; opportunities for experimental research are limited, the new construction of housing units occurs gradually, there is high potential for a diversity of direct and indirect effects, animals are likely to alter their behavior to mitigate demographic impacts, and population-level consequences may take several years to manifest. Given these constraints, reliable long-term datasets that track animal population dynamics with respect to changes in landscape conditions will be critical for elucidating the role of potentially important, but subtle factors, before they degrade populations beyond recovery.
